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Figure 1
Evolution of radiation, matter, and dark energy densities with redshift. For dark energy, the band represents
w = −1 ± 0.2.

evidence from the CMB that the universe is nearly spatially flat (see Section 4.1), we assume k = 0
except where otherwise noted.

Figure 1 shows the evolution of the radiation, matter, and dark energy densities with redshift.
The universe has gone through three distinct eras: radiation dominated, z ≥ 3000; matter
dominated, 3000 ≥ z ≥ 0.5; and dark energy dominated, z ≤ 0.5. The evolution of the scale
factor is controlled by the dominant energy form: a(t) ∝ t2/3(1+w) (for constant w). During the
radiation-dominated era, a(t) ∝ t1/2; during the matter-dominated era, a(t) ∝ t2/3; and during
the dark energy–dominated era, assuming w = −1, asymptotically a(t) ∝ exp(Ht). For a flat
universe with matter and vacuum energy, the general solution—which approaches the latter two
above at early and late times—is a(t) = (!M/!VAC)1/3(sinh[3

√
!VAC H0t/2])2/3.

The deceleration parameter, q (z), is defined as

q (z) ≡ − ä
a H2 = 1

2

∑

i
!i (z) [1 + 3wi (z)] , (6)

where !i (z) ≡ ρi (z)/ρcrit(z) is the fraction of critical density in component i at redshift z. During
the matter- and radiation-dominated eras wi > 0, and gravity slows the expansion, so that q > 0
and ä < 0. Because of the (ρ+3p) term in the second Friedmann equation (Newtonian cosmology
would only have ρ), the gravity of a component that satisfies p < −(ρ/3), i.e., w < −(1/3), is
repulsive and can cause the expansion to accelerate (ä > 0). We take this to be the defining property
of dark energy. The successful predictions of the radiation-dominated era of cosmology, e.g., big
bang nucleosynthesis and the formation of CMB anisotropies, provide evidence for the (ρ + 3p)
term, as during this epoch ä is about twice as large as it would be in Newtonian cosmology.

2.2. Distances and the Hubble Diagram
For an object of intrinsic luminosity L, the measured energy flux F defines the luminosity distance
dL to the object, i.e., the distance inferred from the inverse-square law. The luminosity distance
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Baryon	  Acoustic	  Oscillations	  as	  
Dark	  Energy	  Probe	  

The Astrophysical Journal Supplement Series, 192:18 (47pp), 2011 February Komatsu et al.
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Figure 7. WMAP seven-year temperature power spectrum (Larson et al. 2011),
along with the temperature power spectra from the ACBAR (Reichardt et al.
2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and
QUaD data only at l ! 690, where the errors in the WMAP power spectrum are
dominated by noise. We do not use the power spectrum at l > 2000 because of a
potential contribution from the SZ effect and point sources. The solid line shows
the best-fitting six-parameter flat ΛCDM model to the WMAP data alone (see
the third column of Table 1 for the maximum likelihood parameters).

the magnitude–redshift relation of 240 low-z Type Ia su-
pernovae at z < 0.1. The absolute magnitudes of super-
novae are calibrated using new observations from Hub-
ble Space Telescope (HST) of 240 Cepheid variables in
six local Type Ia supernovae host galaxies and the maser
galaxy NGC 4258. The systematic error is minimized by
calibrating supernova luminosities directly using the geo-
metric maser distance measurements. This is a significant
improvement over the prior that we adopted for the five-
year analysis, H0 = 72 ± 8 km s−1 Mpc−1, which is from
the Hubble Key Project final results (Freedman et al. 2001).

2. Gaussian priors on the distance ratios, rs/DV (z = 0.2) =
0.1905±0.0061 and rs/DV (z = 0.35) = 0.1097±0.0036,
measured from the Two-Degree Field Galaxy Redshift
Survey (2dFGRS) and the Sloan Digital Sky Survey Data
Release 7 (SDSS DR7; Percival et al. 2010). The inverse
covariance matrix is given by Equation (5) of Percival
et al. (2010). These priors are improvements from those
we adopted for the five-year analysis, rs/DV (z = 0.2) =
0.1980 ± 0.0058 and rs/DV (z = 0.35) = 0.1094 ± 0.0033
(Percival et al. 2007).
The above measurements can be translated into a measure-
ment of rs/DV (z) at a single, “pivot” redshift: rs/DV (z =
0.275) = 0.1390±0.0037 (Percival et al. 2010). Kazin et al.
(2010) used the two-point correlation function of SDSS-
DR7 LRGs to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an ex-
cellent agreement with the above measurement by Percival
et al. (2010) at a similar redshift. The excellent agreement
between these two independent studies, which are based on
very different methods, indicates that the systematic error
in the derived values of rs/DV (z) may be much smaller
than the statistical error.
Here, rs is the comoving sound horizon size at the baryon
drag epoch zd ,

rs(zd ) = c√
3

∫ 1/(1+zd )

0

da

a2H (a)
√

1 + (3Ωb/4Ωγ )a
. (15)

For zd , we use the fitting formula proposed by Eisenstein
& Hu (1998). The effective distance measure, DV (z)

(Eisenstein et al. 2005), is given by

DV (z) ≡
[

(1 + z)2D2
A(z)

cz

H (z)

]1/3

, (16)

where DA(z) is the proper (not comoving) angular diameter
distance:

DA(z) = c

H0

fk

[
H0

√
|Ωk|

∫ z

0
dz′

H (z′)

]

(1 + z)
√

|Ωk|
, (17)

where fk[x] = sin x, x, and sinh x for Ωk < 0 (k = 1;
positively curved), Ωk = 0 (k = 0; flat), and Ωk > 0
(k = −1; negatively curved), respectively. The Hubble
expansion rate, which has contributions from baryons,
cold dark matter, photons, massless and massive neutrinos,
curvature, and dark energy, is given by Equation (27) in
Section 3.3.

The cosmological parameters determined by combining the
WMAP data, baryon acoustic oscillation (BAO), and H0 will
be called “WMAP+BAO+H0,” and they constitute our best esti-
mates of the cosmological parameters, unless noted otherwise.

Note that, when redshift is much less than unity, the effective
distance approaches DV (z) → cz/H0. Therefore, the effect of
different cosmological models on DV (z) does not appear until
one goes to higher redshifts. If redshift is very low, DV (z) is
simply measuring the Hubble constant.

3.2.3. Power Spectrum of Luminous Red Galaxies

A combination of the WMAP data and the power spec-
trum of LRGs measured from the SDSS DR7 is a powerful
probe of the total mass of neutrinos,

∑
mν , and the effective

number of neutrino species, Neff (Reid et al. 2010b, 2010a). We
thus combine the LRG power spectrum (Reid et al. 2010b) with
the WMAP seven-year data and the Hubble constant (Riess et al.
2009) to update the constraints on

∑
mν and Neff reported in

Reid et al. (2010b). Note that BAO and the LRG power spectrum
cannot be treated as independent data sets because a part of the
measurement of BAO used LRGs as well.

3.2.4. Luminosity Distances

The luminosity distances out to high-z Type Ia supernovae
have been the most powerful data for first discovering the
existence of dark energy (Riess et al. 1998; Perlmutter et al.
1999) and then constraining the properties of dark energy, such
as the equation of state parameter, w (see Frieman et al. 2008,
for a recent review). With more than 400 Type Ia supernovae
discovered, the constraints on the properties of dark energy
inferred from Type Ia supernovae are now limited by systematic
errors rather than by statistical errors.

There is an indication that the constraints on dark energy
parameters are different when different methods are used to fit
the light curves of Type Ia supernovae (Hicken et al. 2009a;
Kessler et al. 2009). We also found that the parameters of the
minimal six-parameter ΛCDM model derived from two com-
pilations of Kessler et al. (2009) are different: one compilation
uses the light curve fitter called SALT-II (Guy et al. 2007) while
the other uses the light curve fitter called MLCS2K2 (Jha et al.
2007). For example, ΩΛ derived from WMAP+BAO+SALT-II
and WMAP+BAO+MLCS2K2 are different by nearly 2σ , de-
spite being derived from the same data sets (but processed with
two different light curve fitters). If we allow the dark energy

12

WMAP	  Power	  spectrum	  along	  with	  data	  from	  
ACBAR	  and	  QUaD.	  	  Flat	  ΛCDM	  model	  to	  the	  
WMAP	  data	  alone	  
Komatsu	  et	  al.	  2011	  	  

	  

WiggleZ survey: BAOs at z = 0.6 2895

each region using the Landy & Szalay (1993) estimator:

ξ (s) = DD(s) − 2DR(s) + RR(s)
RR(s)

, (2)

where DD(s), DR(s) and RR(s) are the data–data, data–random and
random–random weighted pair counts in separation bin s, each ran-
dom catalogue containing the same number of galaxies as the real
data set. In the construction of the pair counts, each data or ran-
dom galaxy i is assigned a weight wi = 1/(1 + niP0), where ni

is the survey number density (in h3 Mpc−3) at the location of the
ith galaxy, and P0 = 5000 h−3 Mpc3 is a characteristic power spec-
trum amplitude at the scales of interest. The survey number density
distribution is established by averaging over a large ensemble of
random catalogues. The DR and RR pair counts are determined by
averaging over 10 random catalogues. We measured the correlation
function in 17 separation bins of width 10 h−1 Mpc between 10 and
180 h−1 Mpc, and determined the covariance matrix of this mea-
surement using lognormal survey realizations as described below.
We combined the correlation function measurements in each bin
for the different survey regions using inverse-variance weighting of
each measurement (we note that this procedure produces an almost
identical result to combining the individual pair counts).

The combined correlation function is plotted in Fig. 2 and
shows clear evidence for the baryon acoustic peak at separation
∼105 h−1 Mpc. The effective redshift zeff of the correlation func-
tion measurement is the weighted mean redshift of the galaxy pairs
entering the calculation, where the redshift of a pair is simply the
average (z1 + z2)/2, and the weighting is w1w2 where wi is de-
fined above. We determined zeff for the bin 100 < s < 110 h−1 Mpc,
although it does not vary significantly with separation. For the com-
bined WiggleZ survey measurement, we found zeff = 0.60.

We note that the correlation function measurements are corrected
for the effect of redshift blunders in the WiggleZ data catalogue.
These are fully quantified in section 3.2 of Blake et al. (2010),
and can be well approximated by a scale-independent boost to the
correlation function amplitude of (1 − f b)−2, where f b ∼ 0.05 is
the redshift blunder fraction (which is separately measured for each
WiggleZ region).

Figure 2. The combined redshift-space correlation function ξ (s) for
WiggleZ survey regions, plotted in the combination s2 ξ (s), where s is the co-
moving redshift-space separation. The best-fitting clustering model (varying
"m h2, α and b2) is overplotted as the solid line. We also show as the dashed
line the corresponding ‘no-wiggles’ reference model, constructed from a
power spectrum with the same clustering amplitude but lacking BAOs.

3.2 Uncertainties: lognormal realizations and covariance
matrix

We determined the covariance matrix of the correlation function
measurement in each survey region using a large set of lognormal
realizations. Jackknife errors, implemented by dividing the survey
volume into many subregions, are a poor approximation for the error
in the large-scale correlation function because the pair separations of
interest are usually comparable to the size of the subregions, which
are then not strictly independent. Furthermore, because the WiggleZ
data set is not volume-limited and the galaxy number density varies
with position, it is impossible to define a set of subregions which
are strictly equivalent.

Lognormal realizations are relatively cheap to generate and pro-
vide a reasonably accurate galaxy clustering model for the linear and
quasi-linear scales which are important for the modelling of baryon
oscillations (Coles & Jones 1991). We generated a set of realiza-
tions for each survey region using the method described in Blake
& Glazebrook (2003) and Glazebrook & Blake (2005). In brief, we
started with a model galaxy power spectrum Pmod(k) consistent with
the survey measurement. We then constructed Gaussian realizations
of overdensity fields δG(r) sampled from a second power spectrum
PG(k) ≈ Pmod(k) (defined below), in which real and imaginary
Fourier amplitudes are drawn from a Gaussian distribution with
zero mean and standard deviation

√
PG(k)/2. A lognormal over-

density field δLN(r) = exp (δG) − 1 is then created, and is used
to produce a galaxy density field ρg(r) consistent with the survey
window function W (r):

ρg(r) ∝ W (r) [1 + δLN(r)], (3)

where the constant of proportionality is fixed by the size of the
final data set. The galaxy catalogue is then Poisson-sampled in
cells from the density field ρg(r). We note that the input power
spectrum for the Gaussian overdensity field, PG(k), is constructed
to ensure that the final power spectrum of the lognormal overdensity
field is consistent with Pmod(k). This is achieved using the relation
between the correlation functions of Gaussian and lognormal fields,
ξG(r) = ln [1 + ξmod(r)].

We determined the covariance matrix between bins i and j using
the correlation function measurements from a large ensemble of
lognormal realizations:

Cij = 〈ξi ξj 〉 − 〈ξi〉〈ξj 〉, (4)

where the angled brackets indicate an average over the realizations.
Fig. 3 displays the final covariance matrix resulting from combining
the different WiggleZ survey regions in the form of a correlation
matrix Cij /

√
CiiCjj . The magnitude of the first and second off-

diagonal elements of the correlation matrix is typically 0.6 and
0.4, respectively. We find that the jackknife errors on scales of
100 h−1 Mpc typically exceed the lognormal errors by a factor of
≈50 per cent, which we can attribute to an overestimation of the
number of independent jackknife regions.

3.3 Fitting the correlation function : template model
and simulations

In this section we discuss the construction of the template fidu-
cial correlation function model ξfid,galaxy(s) which we fitted to the
WiggleZ measurement. When fitting the model, we vary a scale dis-
tortion parameter α, a linear normalization factor b2 and the matter
density "m h2 which controls both the overall shape of the correla-
tion function and the standard-ruler sound horizon scale. Hence we
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Cosmological implications of the BOSS-CMASS ξ(s) 5

one, in which the DD, DR, and RR counts are integrated
over µ before they are combined as in equation (1) to com-
pute ξ(s), ignoring the fact that the geometry of the survey
introduces a µ dependence on RR (Samushia et al. 2011;
Kazin et al. 2012), although the differences between the two
approaches are more significant for higher multipoles.

When computing the pair counts in equation (1), a few
important corrections must be taken into account. This is
done by assigning a series of weights to each object in the
real and random catalogues. First, we apply a radial weight
given by

wr =
1

1 + Pwn̄(z)
, (3)

where n̄(z) is the expected number density of the cata-
logue at the given redshift and Pw is a free parameter.
Hamilton (1993) showed that setting Pw = 4πJ3(s), where
J3(s) =

∫ s
0
ξ(s′)s′2ds′, minimizes the variance on the mea-

sured correlation function for the given scale s. Follow-
ing standard practice we use a scale-independent value of
Pw = 2×104 h−3Mpc3. Reid et al. (2012) show that the full
scale-dependent weight provides only a marginal improve-
ment over the results obtained using this constant value.

We include additional weights to account for non-
random contributions to the sample incompleteness and to
correct for systematic effects. The incompleteness in a given
sector of the mask has a random component due to the fact
that not all galaxies satisfying the CMASS selection criteria
are observed spectroscopically. In any clustering measure-
ment this is taken into account by down-sampling the ran-
dom catalogue in that region of the sky by the same fraction.
However, there are two other sources of missing redshifts
which require special treatment: redshift failures and fibre
collisions.

Even when the spectrum of a galaxy is observed, it
might not be possible to obtain a reliable estimation of the
redshift of the object, leading to what is called a redshift
failure. As shown in Ross et al. (2012), the probability that
a spectroscopic observation leads to a redshift failure is not
uniform across the field since these tend to happen for fibres
located near the edges of the observed plates. Hence, these
missing redshifts cannot be considered as an extra compo-
nent affecting the overall completeness of the sector.

However, the main cause of missing redshift is fibre col-
lisions (Zehavi et al. 2002; Masjedi et al. 2006). The BOSS
spectrographs are fed by optical fibres plugged on plates,
which must be separated by at least 62′′. It is then not
possible to obtain spectra of all galaxies with neighbours
closer than this angular distance in one single observation.
The problem is alleviated in sectors covered by multiple ex-
posures but, in general, it is impossible to observe all the
objects in crowded regions.

To correct for these effects we follow Ross et al. (2012)
and implement two sets of weights, wrf and wfc, whose de-
fault value is 1 for all galaxies in the sample. For every galaxy
with a redshift failure, we increase by one the value of wrf of
the nearest galaxy with a good redshift measurement. Sim-
ilarly, for each galaxy whose redshift was not observed due
to fibre collisions, the value of wfc of its neighbour, closer
than 62′′, is increased by one. These are then combined into
a single weight to correct for missing redshifts given by

wmr = wrf + wfc − 1. (4)

Figure 2. Panel (a): spherically averaged redshift-space two-
point correlation function of the full CMASS sample. The error-
bars were obtained from a set of 600 mock catalogues constructed
to follow the same selection function of the survey (Manera et al.
2012). The dashed line corresponds to the best-fitting ΛCDM
model obtained by combining the information from the shape
of the correlation function and CMB measurements (see Section
5.1). Panel (b): same as panel (a), but rescaled by (s/sBAO)2,
where sBAO = 153.2Mpc (which corresponds to 107.2 h−1Mpc),
to highlight the baryonic acoustic feature.

On the scales analysed in this paper, the application of these
weights effectively corrects for the effects of fibre collisions
and redshift failures providing an excellent agreement with
the results obtained using the method recently proposed by
Guo et al. (2011).

Ross et al. (2012) performed a detailed analysis of the
systematic effects that could potentially affect any clustering

c© 0000 RAS, MNRAS 000, 000–000

SDSS	  III	  	  Sanchez	  et	  al,	  2012	  
Z=0.57	  



Cylindrical	  Telescopes	  
Hybrid:	  1D	  Dish	  +	  1D	  FFT	  

N	  antennas	  

N	  “Formed	  
Beams”	  

FFT	  



Cylindrical	  Telescopes	  

•  FFT-‐Beamform/Interferometer	  

telescope	  in	  N-‐S	  direction	  

–  Possibility	  of	  full-‐sky	  FoV.	  

–  Form	  many	  simultaneous	  beams	  

on	  the	  sky	  

•  Traditional	  reflector	  in	  E-‐W	  

direction	  

–  λ/D	  =	  60cm/20m	  =	  1.7	  degree	  FoV	  

–  Drift	  Scan	  the	  sky.	  
Pittsburgh	  Cylinder	  Prototype	  
	  (Carnegie	  Mellon)	  



100m	  

100m	  

CHIME	  
The	  Canadian	  Hydrogen	  Intensity	  Mapping	  Experiment	  

• 	  Drift	  scan	  =	  1/2	  sky	  daily	  
• 	  400-‐800MHz	  band	  

• 0.8	  <	  z	  <	  2.5	  (for	  21cm)	  
• 	  ~200	  Gpc3	  survey	  volume	  
• 1MHz	  frequency	  resolution	  

• 5-‐10Mpc	  	  
• 	  13’-‐26’	  spatial	  resolution	  

• 10-‐45Mpc	  

• BAO	  scale	  to	  <10%	  
• 	  w0	  to	  ±0.05	  	  (w0	  ~	  1)	  
• 	  wa	  to	  ±0.2	  	  	  	  (wa	  ~	  0)	  

Z=1.5	  	  2	  years	  observing	  	  



Hardware	  

•  4-‐Square	  Antenna	  

•  Avago	  54143	  LNA	  

•  Vertex	  6	  custom	  FFT	  and	  Corner-‐

turn	  Network	  

•  AMD	  GPU	  Correlator	  



The	  CHIME	  Pathfinder	  

40m	  

40m	  

•  64	  dual-‐pol	  antennas	  per	  cylinder	  (256	  total	  channels)	  
•  100’s	  Gpc3	  Survey	  volume	  

•  Construction	  beginning	  
•  Due	  to	  be	  completed	  Summer	  2013	  

•  Test	  CHIME	  hardware	  
•  Test	  Calibration	  Techniques	  
•  Test	  Foreground	  Removal	  
•  Preliminary	  BAO	  Measurement	  

“an	  end-‐to-‐end	  hardware,	  calibration,	  foreground	  suppression,	  and	  data	  analysis	  proof-‐of-‐
concept	  for	  CHIME”	  

Signal	  per	  50MHz	  bin	  
1	  month	  of	  pathfinder	  data	  


